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Significant effort in optical-fiber research has been directed in the past few years
towards creation of mode-division multiplexing on fiber platforms to further
scale the communication bandwidth transmitted per fiber. At the world’s lead-
ing global conference for optical communications (i.e. Optical Fiber Commu-
nication Conference), mode-division multiplexing (MDM) has been one of the
hottest topic in the recent years depicted by the large amount of contributed and
invited talks in this field. David Richardson et al. [Nature Photonics May 2013]
wrote a review letter to discuss the importance of space-division multiplexing
in optical fibers to meet the increasing transmission capacity demand.
In contrast, current integrated photonics operate almost exclusively in the
single-mode regime and typically utilize wavelength-division multiplexing
(WDM) alone. MDM is rarely considered to be implemented in integrated
photonics due to several challenges. The challenges include creating mode
(de)multiplexers with low modal crosstalk and loss and concurrently support
WDM (a key feature of many integrated-optics interconnect designs).
Here in this dissertation we show the first demonstration of simultaneous
mode- and wavelength-division multiplexing with low modal crosstalk and low
loss in integrated photonics. Our approach would potentially increase the ag-
gregate data rate for on-chip ultra-high bandwidth communications.
We first start off with the discussion of the current status of the data traf-
fic demand by the consumers and why there is a need for silicon photonics
to meet this demand. We then propose a new silicon waveguide technique to
improve the optical loss of silicon waveguides. We make use of this fabrica-
tion technique in fabricating high-quality factor microring resonators. We also
investigate the nonlinear effects in microring resonators. Acquiring this knowl-
edge about the nonlinear effects in microring resonators, we can engineer the
microring resonators design to suit the needs of our system. We utilize add-
drop microring filters as the (de)multiplexers in the wavelength-division mul-
tiplexing platform. We also introduce an interleaver based on triple-microring
integrated with Mach-Zehnder interferometer to separate a comb of closely lo-
cated channels. The highlight of the dissertation is to discuss how we can im-
plement mode-division multiplexing simultaneously with wavelength-division
multiplexing in integrated photonics. Finally we propose a future work for a
truly integration of on-chip multiplexing system.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Meeting the exponentially increasing data traffic demand
Since the birth of internet in 1980s, the amount of data traffic has increased
tremendously. The expansion of broadband wired internet access has intro-
duced many new ways to share video, stream or even real-time stream tele-
vision and movies, and connect people together through voice and video calls.
In the more recent years, wireless and cellular data usage on mobile devices has
grown rapidly to bring forth video streaming and teleconferencing. Accord-
ing to the global internet phenomena report compiled by Sandvine (Intelligent
Broadband Networks), real-time entertainment (comprised of streaming video
and audio) continues to be the largest data traffic contributor [1]. Sandvine
expects that its rapid growth will continue with the emergence of longer and
high-quality video on all networks globally. In North America, real-time enter-
tainment domainates mainly due to the continued market leadership of Netflix,
which accounts for about a third of peak downstream traffic on fixed networks
and has seen its share on mobile networks double in 2012 (see Figure 1.1). In
other regions of the world, YouTube continues to be the largest single source of
real-time entertainment traffic on both fixed and mobile access networks.
To meet the exponentially increasing data traffic demand, the continuation
of Moore’s Law has resulted in the computing systems with exponentially in-
creasing computational power. Microelectronics has been technologically im-
portant since the 1960s. As the name Microelectronics implies, transistors used
in microelectronic chips are on the order of a micrometer in size. As predicted
1
Figure 1.1: Peak period traffic composition - North America. Taken from
1H 2013 Global Internet Phenomena Report from Sandvine [1].
by Moore’s law, transistor technology has continued to shrink over the decades;
passing into submicron and heading towards the nanometer regime. Small size
brings many advantages, namely high packing density, high circuit speed and
low power dissipation. However miniaturization of microelectronics is reach-
ing a fundamental limit where the gate of the tranisistors is already only a
few atoms thick [3]. This means that at some point it will be tough or even
impossible to bring microprocessors closer to each other to avoid the high in-
trinsic losses of high frequency electrical signals propagating through metallic
wires [4].
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Optical interconnects in contrast can provide much larger bandwidth with-
out significant loss of signals. The optical links have very broad transparency
windows; bandwidth over tens of tera-hertz (THz) is readily available for data
transmission. Moreover the loss of the optical links is low even at high fre-
quency; therefore less power is being wasted during the operation and trans-
mission. The bandwidth of a single optical signal is limited to a few tens of
giga-hertz (GHz) by the signal conversions between the electrical and optical
domains as determined by the speed of modulators and detectors [5, 6].
With the limitations set by the modulators and detectors, multiplexing can
be employed to further increase the aggregate bandwidth of the optical inter-
connects. Multiplexing is a method by which multiple data streams are com-
bined into one signal over a shared medium (Figure 1.2). The multiplexed sig-
nal is transmitted over a communication medium. The multiplexing increases
the aggregate bandwidth by dividing the capacity of the multiplexed channel
into many slower channels, one for each individual signal stream ot be trans-
ferred. The mutliplexer is a device that does the multiplexing operation while
the demutltiplexer is a device that extracts each original channels.
There are several types of mutliplexing technologies being employed by op-
tical communications: space-division multiplexing (SDM), wavelength-division
multiplexing (WDM), time-division multiplexing (TDM), and code-divison
multiplexing. WDM is traditionally and widely used in optical communica-
tions to fully utilize the entire available optical spectrum. More recently, sig-
nificant effort in optical-fiber research has been directed towards creation of
mode-division multiplexing (MDM) fiber platforms to further scale the com-
munication bandwidth transmitted per fiber. At the world’s leading global con-
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Multiplexed 
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Figure 1.2: General multiplex scheme: the input optical signals are mul-
tiplexed into a single optical medium. The demultiplexer re-
ceives the multiplexed data stream and extracts the original
channels to be transferred. Figure is modified from a image
taken from Wikipedia.
ference for optical communications (i.e. Optical Fiber Communication Confer-
ence), MDM has been one of the hottest topic in the recent years depicted by the
large amount of contributed and invited talks in this field. David Richardson et
al. wrote a review letter to discuss the importance of mode-division multiplex-
ing in optical fibers to meet the increasing transmission capacity demand [7].
In contrast, current integrated photonics operate almost exclusively in the
single-mode regime and typically utilize wavelength-division multiplexing
(WDM) alone. The implementation of simultaneous mode- and wavelength-
division multiplexing in integrated photonics would potentially increase the
aggregate data rate for on-chip and chip-to-chip ultra-high bandwidth commu-
nications.
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1.2 Silicon photonics for on-chip interconnects
High speed optical interconnects are seen as a promising way forward to meet
the increasing bandwidth demand and silicon photonics is seen as a good plat-
form to integrate both electronic and optical componenets on the same silicon
chip [8]. Different on-chip components are needed for the full integration of op-
tical interconnects on-chip. Figure 1.3 shows the roadmap of silicon photonics
integration laid out by Intel [2]. It had already been proven that silicon is a good
optical material at high frequency of 40 Gbps. Firstly, an on-chip laser source
is required; one possible device is the hybrid silicon laser where the silicon is
bonded to a different lasing medium semiconductor (such as AlGaInAs) [9].
Another possible approach is to use all-silicon Raman laser in which the silicon
itself acts as the lasing medium [10]. Modulators are needed to modulate the
light to carry the data in the form of optical pulses. 40 Gbps modulators on
silicon based on carrier depletion of a pn diode embedded inside a silicon-on-
insulator waveguide had been demonstrated [10]. Next the many optical signals
are (de)multiplexed and routed to a specific receiving end on the chip (or on a
different chip) and detected by a photodetector. The photodetector converts the
signals from optical domain to electrical domain and is mainly demonstrated
on the silicon-germanium platform [6].
The next step on the roadmap is to integrate the different silicon devices
into hybrid modules on the same chip with the multiplexing scheme being em-
ployed for ultra-high bandwidth applications. Current integrated photonics
operate almost exclusively in the single-mode regime and utilize wavelength-
division multiplexing (WDM) alone which supports a limited scalability in
bandwidth density.
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The work in this thesis proposes a hybrid multiplexing scheme which allows
simultaneous mode- and wavelength-division multiplexing on-chip. This thesis
demonstrates different multiplexing designs to improve on the existing WDM
platform and further scale the bandwidth for high bandwidth on-chip and chip-
to-chip applications.
1.3 Focus and organization of this dissertation
In this introductory chapter we present the exponential increasing data band-
width demand as predicted by Moore’s Law. We also discuss why electrical
interconnects are facing a challenge to meet this demand. This is why silicon
optical interconnects are introduced about a decade ago to resolve this electrical
bottleneck.
In chapter two we discuss why silicon is an excellent material to be imple-
mented for optical interconnect devices. Many groups have been trying to bring
down the optical losses of silicon but there seem to be a lower bound limit. We
introduce a new fabrication method of making silicon waveguides without any
actual etching of the silicon layer. We define the waveguides by selective oxida-
tion of the silicon layer which is a common fabrication technique used in CMOS
industries (known as Local Oxidation of Silicon, LOCOS). Using this technique,
we show how we can further reduce the optical losses (mainly scattering and
absorption losses).
In chapter three we explain the theoretical background of microring res-
onators. The microrings are compact, tunable, and consumes low power. Due to
these properties, microring-based devices will reduce power, footprint and cost.
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We also formulate the fundamental electric fields in microrings and illustrate the
few basic properties of microrings that we use in the rest of this dissertation. We
make use of this etchless silicon method to fabricate microring resonators. Due
to the low optical loss achieved by this fabrication technique, we demonstrate
high quality factor silicon microring resonators. We show the full design steps
of this etchless silicon microring resonators.
In chapter four we investigate about the nonlinear effects in microring res-
onators. We discuss about the counteracting interplay between two main non-
linear process (i.e. free carrier dispersion blue shift and thermo-optic red shift).
In the high-Q etchless silicon microring resonators, we observe atypical blue
resonance shift even at very low powers. We also measure the free carrier life-
time in these etchless silicon waveguides using the phenomenon of carrier gen-
eration by two-photon absorption. Due to the counteracting interplay of free
carrier dispersion and thermo-optic effect, we show how we can engineer these
two processes to fabricate a device which is either dominated by free carrier dis-
persion blue shift, or thermo-optic red shift or reduced-senstivity to resonance
shift with power.
In chapter five we propose a wavelength-division multiplexing scheme that
makes use of an efficient interleaver to split a comb of WDM channels into two
paths and a simpler microring-based demultiplexers to route each WDM chan-
nel to a specific receiving end. In particularly, we design a 4-channels mircoring-
based demultiplexer with low crosstalk, low power consumption. As for the
interleaver, we design a highly-efficient triple-microring Mach-Zehnder inter-
ferometer with full reconfiguration capability. It has a flat passband and a rapid
roll-off slope which in turn enables low crosstalk.
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In chapter six we show the first demonstration of simultaneous mode- and
wavelength-division multiplexing in integrated photonics. We explain why
integrated photonics has traditionally used single-mode in the operation and
avoided the use of higher order modes. In this work, we demonstrate how we
can achieve mode multiplexing in a straightforward and simple way. We fab-
ricate the on-chip mode multiplexers on silicon platform which allow highly-
confined devices. Due to the large index contrast of silicon and silicon dioxide,
it allows a more efficient phase matching between specific modes and in turn re-
duces intermode crosstalk. We demonstrate a mode- and wavelength-division
multiplexing link by passing the data in different modes and wavelength chan-
nels. In this work we increase the aggregate data bandwidth by two times but
we can definitely further increase the bandwidth by using more higher order
modes.
In chapter seven we discuss about a possible future work that is to integrate
all different components on the same chip, namely microring modulators, mode
multiplexers, and germanium photodetectors. This way we can truly demon-
strate an on-chip mode- and wavelength-division multiplexing.
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Figure 1.3: Intel’s roadmap on silicon optical interconnects integration.
Taken from the presentation by Intel [2].
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CHAPTER 2
LOW-LOSS ETCHLESS SILICON WAVEGUIDES
2.1 Silicon is an excellent material for waveguiding
Since silicon is the main material used in the complementary metal-oxide-
semiconductor (CMOS), it is logical to look into using silicon as the guiding
material in optical interconnects. Silicon, having a band gap energy of 1.12 eV
at 300 K, is transparent to infrared light with wavelengths above about 1.1 µm.
Moreover, silicon has a high refractive index of about 3.5. If silicon dioxide, re-
fractive index of about 1.5, is used as the cladding, the index contrast between
the guiding core and cladding is large. This allows the light to be tightly con-
fined in the silicon optical waveguides which can have dimensions as small as a
few hundred nanometers. This is substantially less than the wavelength of the
light itself (λ = 1.55 µm). This also means that we can pack thousands of silicon
optical devices in a single wafer. One other important property of silicon is that
it has a large thermo-optical coefficient (1.8 × 10−4/K). The refractive index of
the silicon can be tuned by changing the temperature of the silicon (i.e. heat up
the silicon). This is important for tuning a silicon optical device. Due to these
many suitable properties of silicon, it is essentially the one material for on-chip
optical interconnects.
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2.2 Background of traditional fabricated silicon waveguides
Silicon photonics has been studied extensively for on-chip optical interconnects
during the past decade as optical interconnects offer a larger bandwidth and
lower power consumption in microelectronic chips [11–14]. To realize the goal
of optical interconnects in silicon chips, storing or slowing down of optical sig-
nals is essential during the routing of the signals. Several on-chip optical buffers
based on silicon ring resonators have been demonstrated [15–17]. However, the
major challenge faced by these silicon-based optical buffers is the need for low-
loss silicon waveguides so that the light can be delayed for a long period of time
without signal attenuation.
There are two types of silicon waveguides commonly used by the silicon
photonic community, namely rib waveguides and strip waveguides. The sili-
con waveguides are usually fabricated on a 250 nm silicon-on-insulator wafer
with 3 µm of buried oxide using CMOS fabrication processes. The fabrication
process flow details are illustrated in Figure 2.1. First the waveguides are pat-
terned using e-beam lithography and etched using chlorine-based etching. Af-
ter stripping the resist, the etched photonic structures are clad with at least
1 µm of plasma enhanced chemical vapor deposition silicon oxide to confine
the optical mode. Rib waveguides with widths of 1–8 µm have exhibited losses
down to 0.1 dB/cm but their minimum bending radius is limited to hundreds
of micrometers [10,18–25]. To obtain more compact silicon ring resonators, strip
waveguides with dimensions approximately 500 nm wide by 250 nm thick are
employed [15–17, 26–30]. These strip waveguides have demonstrated intrinsic
quality factors up to 400,000 in 10 µm-radius ring resonators with a ring loss not
lower than 1.8 dB/cm at λ = 1.53 µm.
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Figure 2.1: Etched silicon waveguide fabrication process flow. (a) Use
250 nm silicon-on-insulator (SOI) as the device layer. (b) Pat-
terning of the waveguides using ma-N 2403 resist, leaving a
coupling gap between the ring resonator and bus waveguide.
(c) Etching of the silicon layer. (d) Deposition of at least 1.0 µm
PECVD silicon dioxide to confine the optical mode.
Losses in silicon waveguides originate largely from the damage of the sili-
con surfaces by the dry etching processes [31]. The reactive ion etching (RIE)
induces surface modifications and results in both the increased scattering losses
at the sidewalls due to silicon waveguide roughness (see Figure 2.2) and the in-
creased absorption sites at Si/SiO2 interface due to surface residues and lattice
damage [32–34]. The question is whether there is a way where we can reduce
these losses of silicon waveguides.
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Silicon 
waveguide
Figure 2.2: Scanning electron microscope picture of etched silicon waveg-
uides with simulation of the interaction between the optical
waveguide mode and the sidewall of the waveguide.
2.3 Proposed etchless silicon waveguide fabrication to reduce
the scattering and absorption loss
In order to minimize the scattering and absorption loss in etched silicon waveg-
uides, we proposed an etchless silicon waveguide fabrication process based on
selective thermal oxidation of silicon [35]. This etchless silicon waveguide fab-
rication minimizes the waveguide losses resulting from the dry etching by not
exposing the silicon surface to any plasma etching throughout the fabrication
process. The etchless silicon waveguides possess the advantages of both the
low loss of rib waveguides and the small bending radius of strip waveguides.
The etchless silicon waveguides are fabricated from a silicon-on-insulator
(SOI) wafer with an initial silicon layer of 500 nm and a buried oxide layer
(BOX) of 3 µm. First we grow a thermal oxide layer of 785 nm on the 500 nm
SOI which consumes approximately 360 nm of silicon (see Figure 2.3(a)). We
then pattern the silicon waveguides with electron beam (e-beam) lithography
using ma-N 2405 resist (see Figure 2.3(b)). Next we etch the patterned ther-
mally grown oxide layer with a RIE tool using fluorine chemistry, leaving be-
13
hind a thin 50 nm oxide slab throughout the whole wafer (see Figure 2.3(c)).
This thin oxide slab protects the silicon surface underneath from the ion bom-
bardment and chemical reactions that occur during the plasma etching. After
stripping the e-beam resist, we use wet thermal oxidation to selectively oxidize
the silicon (see Figure 2.3(d)) and define the silicon waveguides with a thin sili-
con slab (see Figure 2.3(e)). Lastly, the waveguides are clad with 300 nm of high
temperature oxide (HTO) to give a highly conformal deposition and 1.8 µm of
plasma enhanced chemical vapor deposition (PECVD) silicon dioxide to confine
the optical mode completely (see Figure 2.3(f)).
Using this etchless silicon fabrication method, we demonstrate low loss
silicon waveguides fabricated without any silicon etching. We define the
waveguides by selective oxidation which produces ultra-smooth sidewalls with
roughness of 0.3 nm. The waveguides have a propagation loss of 0.3 dB/cm at
1.55 µm. The waveguide geometry enables low bending loss of approximately
0.007 dB/bend for a 90 degree bend with a 50 µm bending radius [35]. These
results are promising for devices where ultra-low loss property is crucial.
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Figure 2.3: Etchless silicon photonic ring resonator fabrication process
flow. (a) Thermal oxidation of a 500 nm silicon-on-insulator
(SOI) to leave behind 140 nm thick silicon layer with 785 nm
thick thermally grown oxide on top. (b) Patterning of the
waveguides using ma-N 2405 resist, leaving a coupling gap be-
tween the ring resonator and bus waveguide. (c) Etching of the
thermally grown oxide, leaving behind a thin 50 nm oxide slab.
(d) Selective wet thermal oxidation of the silicon. (e) Structural
profile of the oxidized silicon waveguides. (f) Deposition of
300 nm HTO and 1.8 µm PECVD silicon dioxide.
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CHAPTER 3
HIGH-QUALITY FACTOR ETCHLESS SILICON MICRORING
RESONATORS
3.1 Microring resonators
The main building block of silicon photonics is silicon waveguides. The second
basic optical structure used in this dissertation is the microring resonator. The
resonator is a circular waveguide which is accessed via a bus waveguide (see
Figure 3.1). The resonator is a traveling wave cavity where the optical field
circulates in the resonator. When the light in the microring is on-resonance, the
field trapped inside the cavity is enhanced due to the numerous round trips
made inside the microring.
Ein Eout
EaEb
eiφ
τ
τ
κ 
a
Figure 3.1: An illustration of a waveguide coupled microring resonator.
The diagram shows the coupling, κ, and transmission, τ, coef-
ficients for the input and output fields of the device as well as
the round-trip loss factor, a.
We can formulate the field inside the microring as follows:
Eout = τEin + iκEb (3.1)
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Ea = iκEin + τEb (3.2)
Eb = aeiϕEa (3.3)
where κ, and τ are the coupling and transmission coefficients for the input and
output fields of the device. For a lossless coupling,
κ2 + τ2 = 1 (3.4)
ϕ is the total optical phase accumulated by a field propagated inside the
microring resonator,
ϕ(λ) = β(λ)Lring =
2pi
λ
neff(λ)Lring (3.5)
a is the round-trip loss factor which can be expressed as
a = e−
α
2 Lring (3.6)
where α is the field propagation loss in m−1.
Substitute Equation 3.3 into Equation 3.2 gives
Ea =
iκEin
1 − aτeiϕ (3.7)
By substituting Equation 3.3 and Equation 3.7 into Equation 3.1, we can get
the output field normalized to the input field.
Eout
Ein
=
(
τ − aeiϕ
1 − aτeiϕ
)
(3.8)
The output amplitude of the microring can be normalized to the input am-
plitude as follows:
Pout
Pin
(λ) =
∣∣∣∣∣EoutEin
∣∣∣∣∣2 = ( τ2 + a2 − 2aτ cosϕ1 + a2τ2 − 2aτ cosϕ
)
(3.9)
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We can also define the circulating power inside the microring cavity as
Pring
Pin
(λ) =
∣∣∣∣∣ EbEin
∣∣∣∣∣2 = a2κ21 + a2τ2 − 2aτ cosϕ (3.10)
From Equation 3.5 and 3.9, the resonance condition is met when ϕ is an inte-
ger multiple of 2pi:
m(λ0)λ0 = neff(λ0)Lring (3.11)
where m is an integer resonanct mode number and λ0 is the resonance wave-
length.
The on-resonance transmitted power can be simplified as:
Pout
Pin
(λ0) =
(a − τ)2
(1 − aτ)2 (3.12)
with the transmission coefficient, τ, equivalent to the round-trip loss, a, we can
have complete extinction of the input field, also known as critical coupling. At
critical coupling, the microring has the maximum circulating power:
max
∣∣∣∣∣∣PringPin (λ0)
∣∣∣∣∣∣ = a21 − a2 (3.13)
The cavity energy in the microring is maximized when the resonator losses, a, is
negligible. Therefore, when the propagation loss of the waveguides is reduced
significantly as discussed in the previous Chapter 2, the cavitiy energy can be
maximized.
Figure 3.2 illustrates a simulated transmission spectrum of a critically-
coupled silicon microring resonator with a waveguide dimentsion of 450 nm
wide x 250 nm tall and a radius of 20 µm. The transmission coefficient is set at
0.88 and the round-trip loss is also set at the same value.
There is one important parameter of resonator, that is, the quality factor (Q-
factor). The Q-factor of a resonator is a measure of the strength of the damping
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Figure 3.2: A simulated transmission spectrum of a critically-coupled
silicon microring resonator with a waveguide dimension of
450 nm wide × 250 nm tall and a radius of 20 µm.
of its oscillations. It can be defined as the ratio of the resonance frequency ω0 (or
resonance wavelength λ0) and the full width at half-maximum (FWHM) band-
width ∆ωFWHM (or ∆λFWHM).
Q =
ω0
∆ωFWHM
=
λ0
∆λFWHM
(3.14)
In this dissertation, we utilize a property of the microring resonator for the
wavelength-division multiplexing, that is free spectral range (FSR) which is the
frequency spacing of its axial resonator modes.
βmL = 2mpi (3.15)
βm+1 − βm = 2piLring =
δβ
δλ
∆λ (3.16)
∆λ =
2pi
Lring
(
δβ
δλ
)−1
(3.17)
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FSR =
∣∣∣∣∣∣ 2piLring
(
− λ
2
2ping
)∣∣∣∣∣∣ = λ2ngLring (3.18)
where the group index ng = neff − λ dneffdλ .
We summarize the above-described theoretical discussions of microring res-
onator. The microring possesses a transmission spectrum where there is an ex-
tinction of the input field when the resonance condition is met. This resonance
linewidth depends on the Q-factor of the resonator. We can design the FSR of
the microring to align with the WDM channels for (de)multiplexing purpose in
the latter Chapter 5.
3.2 Etchless silicon photonic microring resonators
Here we demonstrate a special type of silicon ring resonators which exhibit
lower propagation loss than the strip waveguides and possess smaller bend-
ing radius than the rib waveguides. Based on the etchless silicon fabrication
discussed in Section 2.3, we design and fabricate high-Q etchless silicon pho-
tonic ring resonators [36]. We achieve a high intrinsic quality factor of 510,000
in 50 µm-radius ring resonators, corresponding to a ring loss of 0.8 dB/cm. We
also design etchless silicon inverse nanotapers to enable efficient coupling from
the lensed fiber into the chip. The device shows a low coupling loss of ap-
proximately 1.5 dB per facet, corresponding to 71% fiber-waveguide coupling
efficiency.
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3.2.1 Designing etchless silicon photonic microring resonators
The final structural geometry of an etchless silicon photonic device is dependent
on the thickness of the thermally grown oxide layer above the silicon, i.e. the
thermal oxidation rate of the silicon at the regions with thin oxide slab is faster
than that at the regions with thicker oxide layer. The final structural profile of an
etchless silicon waveguide has a slowly varying sidewall which is different from
the vertical sidewall of an etched silicon waveguide. In designing 50 µm-radius
etchless silicon photonic ring resonators (see Figure 3.3(a)), we use a commer-
cial software Silvaco Athena [37] to simulate the structural profile of the etchless
silicon waveguides defined by the selective thermal oxidation process (see Fig-
ure 3.3(b)). Next we import the simulated profile into Comsol (a finite element
modeling software) [38] to compute the modal properties of the etchless silicon
waveguides (see Figure 3.3(c)). To enable critical coupling at λ = 1.55 µm, the
dimensions of the etchless silicon waveguides following the selective thermal
oxidation process are designed to be 800 nm wide by 60 nm tall with a coupling
gap of 930 nm [39].
3.2.2 Fabricating etchless silicon photonic microring resonators
The waveguides are fabricated using 800 nm wide by 785 nm thick etched ox-
ide mask and a coupling gap of 930 nm with a wet thermal oxidation time of 20
minutes (see Figure 3.3(d)). The scanning electron microscope (SEM) picture in
(see Figure 3.3(d)) shows the cross-sectional profile of the coupling region and
the structural profile of the fabricated device matches with the simulations accu-
rately. This fabrication technique, which avoids any etching of the silicon layer,
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Figure 3.3: (a) SEM picture of the fabricated 50 µm-radius etchless sili-
con photonic ring resonator. (b) Simulated structural profiles
of the etchless silicon ring resonator with coupling gap = 930
nm. (c) Symmetric mode of the bus waveguide and the ring
resonator. (d) Cross-sectional SEM picture of the coupling re-
gion. (e) Transmission electron microscope (TEM) picture of
the thin oxidized silicon slab.
results in an ultra-smooth top Si/SiO2 interface comparable to the interface be-
tween the silicon and the buried oxide, as shown in the transmission electron
microscope (TEM) picture of the thin oxidized silicon slab (see Figure 3.3(e)).
The 800 nm wide etchless silicon waveguide forming the ring resonator sup-
ports only one mode, i.e. the fundamental TE mode (see Figure 3.4(a)). The
advantage of supporting only the fundamental TE mode is that the polarization
mode conversion is minimized, thus reducing the crosstalk in polarization. The
800 nm waveguide has an effective index of 1.6 at λ = 1.55 µm and a mode
size of 1 µm wide by 0.52 µm high. On the other hand, a lensed fiber has an
effective index of 1.468 and a mode field diameter of 2.5 µm. The coupling of
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light directly from the lensed fiber into the 800 nm waveguide results in a mea-
sured coupling loss of more than 10 dB. This coupling loss is high due to both
the refractive index mismatch and mode mismatch between the lensed fiber and
the etchless silicon waveguide. To minimize the coupling loss, a 220 nm wide
etchless silicon inverse nanotaper with a taper length of 100 µm is integrated
at both the input waveguide and output waveguide [40]. The designed inverse
nanotaper has an effective index of 1.453 and a mode size of 5 µm wide by 2 µm
high (see Figure 3.4(b)). Due to this improved match in refractive index and
mode size, the coupling loss from the lensed fiber into the inverse nanotaper
is reduced to approximately 1.5 dB. This measured coupling loss is one of the
lowest demonstrated in silicon photonic devices.
3.2.3 Results and discussions
We demonstrate a high-Q 50 µm-radius etchless silicon ring resonator with an
ultra-low total chip insertion loss. We couple a tunable laser light source from
a lensed fiber into the etchless silicon inverse nanotaper at the input of the chip
through a polarization controller. The light from the output of the chip is then
collimated through a lens and collected at a photodetector to measure the total
chip insertion loss of TE-polarized light. We observe a clean transmission spec-
trum, i.e. the Fabry-Perot modulation between the two end facets of the chip is
negligible due to the well-designed etchless silicon inverse nanotaper (see Fig-
ure 3.5(a)). We measure an ultra-low total chip insertion loss of 2.5 dB from the
input lensed fiber to the photodetector at the output. This total chip insertion
loss includes the propagation loss of the 1 cm long etchless silicon waveguide
and the coupling loss at the chip facets. With a Lorentz fit to the resonance at
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Figure 3.4: Transverse electric (TE) mode profile (Ex-component) of (a)
Etchless silicon waveguide. (b) Etchless silicon inverse nano-
taper.
λ0 = 1531.416 nm, we measure the linewidth of the spectrum to be 5.5 pm, giv-
ing a loaded quality factor of Qloaded ≈ 280, 000 (see Figure 3.5(b)). The ring is
slightly under-coupled at this resonant wavelength. The intrinsic quality factor
Qint of the ring can be written as [41]:
Qint =
2Qloaded
1 +
√
T0
, (3.19)
where T0 is the fraction of transmitted optical power measured by the photode-
tector at the resonant wavelength λ0. Using Equation 3.19, with the measured
24
T0 = 0.007, we calculate the intrinsic quality factor Qint = 510,000.
The total propagation loss per unit length in the ring αring can be written
as [42]:
αring =
2ping
Qintλ0
=
λ0
Qint × FSR × Rring , (3.20)
where ng is the group index, FSR is the free spectral range, and Rring is the radius
of the ring resonator. Using Equation 3.20, with the measured FSR = 3.25 nm
and Rring = 50 µm, we calculate the ring loss αring = 0.8 dB/cm. We estimate the
coupling loss between the lensed fiber and the etchless silicon inverse nanotaper
to be approximately 1.5 dB, corresponding to 71% fiber-waveguide coupling
efficiency.
3.2.4 Conclusion
We designed and fabricated high-Q etchless silicon photonic ring resonators
using selective thermal oxidation of silicon without the silicon layer being ex-
posed to any plasma etching throughout the fabrication process. We achieved
a high intrinsic quality factor of 510,000 in 50 µm-radius ring resonators, corre-
sponding to a ring loss of 0.8 dB/cm. We also realized an ultra-low total chip
insertion loss of 2.5 dB with a fiber-waveguide coupling loss of approximately
1.5 dB by employing etchless silicon inverse nanotapers at both the input and
output of the device chip. The low loss etchless silicon photonic ring resonators
have promising applications in silicon ring resonators-based optical buffers.
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Figure 3.5: (a) Through-port transmission spectrum of the ring resonator
in transverse electric (TE) polarization. (b) Normalized trans-
mission spectrum at λ0 = 1531.416 nm.
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CHAPTER 4
NONLINEAR EFFECTS IN MICRORING RESONATORS
4.1 Introduction
Silicon microring resonators have revolutionized the field of silicon photon-
ics for on-chip optical interconnects over the past decade. Optical intercon-
nect networks utilizing silicon microring-based devices present a solution to the
electrical interconnect bottleneck by offering a larger bandwidth, lower power
consumption and smaller device footprint in microelectronic chips [11, 13, 14].
However, silicon microresonators have one main drawback, that is, the resonant
wavelength shifts with input optical power. At high powers, the stored light in
a silicon microresonator is absorbed via two photon absorption (TPA) and gen-
erates free carriers (see Figure 4.1). This results in a blue shift of the resonance
due to free carrier dispersion (FCD). In addition, the generated carriers lead to
free carrier absorption (FCA). The TPA and FCA nonlinear processes, together
with the linear surface absorption at the Si/SiO2 interface, result in the heating
of the resonator and cause a red shift in the resonance. In particular, reactive
ion etching of the silicon induces surface and sidewall damage, resulting in the
increased absorption sites at Si/SiO2 interface [31, 34]. Etching also results in
increased recombination sites and shorter free carrier lifetime. Due to the domi-
nant thermo-optic (TO) red shift over the FCD blue shift, an effective red shift of
the resonance is observable in many etched silicon microresonators, such as mi-
crodisk, microring (see Figure 4.2), and photonic crystal resonators [34,41,43,44].
The ability to tailor the microresonator spectral dependence on input power
is critical. Several previous works to achieve microresonators with a power-
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Figure 4.1: Electronic band gap diagram of silicon showing all the absorp-
tion and generation mechanisms of photons, phonons, and
electrons. The two-photon absorption (TPA) process absorbs
photons (which results in TPA loss and degrades the Q) and
excites the electrons from the valence band to the conduction
band. The phonons takes part in sending the electrons in the
conduction band from one state to another state through re-
laxation process. The generated electrons decrease the refrac-
tive index through free carrier dispersion (FCD), and results in
a resonance blue shift. The generated carriers also adds free-
carrier absorption (FCA) (which degrades the Q). The TPA and
FCA nonlinear processes, together with the linear surface ab-
sorption at the Si/SiO2 interface heats the resonator (which re-
sults in a resonance red shift).
independent transmission spectra have been pursued. In one approach, poly-
mer with a negative TO coefficient has been used as a cladding material to com-
pensate for the positive TO microcavity [45, 46]. But the use of polymers is
not compatible with CMOS processes. Another work has utilized an additional
stabilizing laser to compensate the TO effect, ensuring a Lorentzian line-shape
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Figure 4.2: Measured transmitted power spectrum of a typical microring
resonator showing the net red shift of the resonance with in-
creasing laser input power. The laser is swept from shorter
wavelength to longer wavelength.
transmission [47]; this approach is relatively power hungry. Here we demon-
strate power insensitive silicon microring resonators using a passive technique
by utilizing two counteracting processes, FCD blue shift and TO red shift. It
should be noted that this technique reduces the sensitivity dependence of the
resonance on laser input power but not on ambient temperature.
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4.2 Relationship between the FCD blue shift and the TO red
shift of the resonance
In order to control the degree of spectral shift with optical power, we analyze
the effective resonance shift ∆λ due to the counteracting effects of FCD and TO
processes in the silicon microresonator (neglecting the minor contribution of TO
in the cladding SiO2) [41, 48]:
∆λ ≈ λ0
ng
(∆nFC + ∆nT), (4.1)
where λ0 is the resonant wavelength, ng is the group index of the microres-
onator, and ∆nFC and ∆nT are the refractive index change of Si due to FCD and
TO effect respectively. The index change due to FCD is expressed as ∆nFC =
−8.8 × 10−22∆N − 8.5 × 10−18(∆P)0.8, where ∆N and ∆P are the density of gener-
ated electrons and holes per cubic centimeter and ∆N = ∆P =
(
ΓFCDc2β
2~ω0n2gV2FCD
)
τFCU2.
ΓFCD is the effective confinement factor corresponding to FCD, c is the speed of
light in free-space, β = 8.4×10−12 m·W−1 is the TPA coefficient in silicon, ~ is the
reduced Planck constant, ω0 is the resonant frequency of the resonator, ng is the
group index of the resonator, VFCD is the effective nonlinear mode volume, τFC is
the free carrier lifetime and U is the intra-cavity stored energy. The index shift
due to TO can be expressed as ∆nT = Γth
(
dnSi
dT
)
RthγabsU, where Γth is the effective
confinement factor corresponding to the TO effect, dnS idT = 1.86 ×10−4 K−1 is the
TO coefficient of silicon, Rth is the cavity thermal resistance, and γabs is the total
cavity optical absorption rate (sum of linear absorption, TPA and FCA).
30
4.3 Nonlinear measurements of the fabricated etchless silicon
microring resonator
Equation 4.1 sets the guideline in designing the physical and geometrical prop-
erties of the resonator to balance the FCD blue shift and the TO red shift of the
resonance. We can increase the FCD blue shift by designing a photonic structure
with long free carrier lifetime (τFC) to compensate the dominant TO red shift.
We fabricate a 50 µm-radius silicon microring resonator through selective
oxidation using the etchless silicon fabrication technique [36]. The dimensions
of the microring are 800 nm wide by 60 nm high with a 6 nm thin slab and 1 µm
coupling gap [49]. The silicon waveguide is not exposed to any etching plasma
throughout the fabrication process, preventing damage from the ion bombard-
ment and chemical reactions. This etchless technique results in an ultra-smooth
Si/SiO2 interface and reduces absorption and recombination sites. We expect
that the ultra-smooth interface reduces the electron-hole recombination rate and
thereby increases the free carrier lifetime which is needed to compensate the
dominant TO red shift.
We measure the free carrier lifetime of the fabricated etchless silicon micror-
ing resonator using a pump-probe optical setup (see Figure 4.3(a)). We couple
into the microring an Er-fiber pulsed laser with 500 fs pulses, 25 MHz repetition
rate and a spectral width of 6 nm at its center wavelength, λpump = 1543 nm. The
pump pulses, with a peak power of 52 W, are absorbed by the silicon microring
via TPA and free carriers are generated. This results in a blue shift of the reso-
nance due to FCD. Concurrently, a quasi-TE polarized continuous-wave (CW)
weak probe laser is coupled into the microring resonator and tuned to a near-
31
linear portion of the resonance, Pprobe ≈ 3 µW and λprobe = 1489.484 nm (see
Figure 4.3(b)). The microring has a loaded quality factor Q = 350, 000. The ex-
ponential growth in Figure 4.3(c) is linearly related to the recombination of free
carriers and the experimental carrier lifetime is calculated to be 10 ns by fitting
a simple exponential to the data. By avoiding reactive ion etching of the sili-
con, the effective τFC of the etchless silicon structure is more than one order of
magnitude longer than that of an etched silicon microring [50].
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Figure 4.3: (a) Schematic diagram of the pump-probe setup for the mea-
surement of free carrier lifetime. (b) Transmission spectrum of
the etchless microring in quasi-TE polarization with λprobe =
1489.484 nm. (c) Measurement of carrier lifetime.
Next we measure the microring power-dependent transmission using a CW
tunable laser. In Figure 4.4 we show the measured transmission (TE polariza-
tion) for several different CW laser power levels. At laser power of 10 µW, the
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microring is slightly undercoupled at 1542.162 nm. We observe that the reso-
nance blue shifts with increasing input power, in contrast to the typical red shift
in etched silicon microresonators. The effective blue shift is a result of the long
free carrier lifetime of 10 ns. The net blue shift is large enough to induce opti-
cal bistability for power levels above 42 µW. Also, a reduction in the resonance
extinction ratio and the optical quality factor is observed due to the increased
nonlinear TPA and FCA losses. In this etchless microring, the FCD overcom-
pensates the TO effect and becomes the dominant process, giving an effective
blue shift of the resonance.
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Figure 4.4: Measured transmitted power spectrum of the etchless silicon
microring resonator showing the net blue shift of the resonance
with increasing laser input power (indicated in the inset). The
laser is swept from longer wavelength to shorter wavelength.
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4.4 Engineering the nonlinear resonance shift of the etchless
silicon microring
To control the resonance shift with input power, we can engineer the thermal
properties of the etchless silicon microring. In Figure 4.5(a) we show the calcu-
lated resonant wavelength shift map of the etchless microring for a fixed τFC of
10 ns. To realize a power insensitive device, we etch trenches around the mi-
croring, as illustrated in Figure 4.5(b), to increase the thermal resistance of the
device (Rth ≈ 3000 W/K). According to Figure 4.5(a), such a value of Rth should
result in a device with a very small power sensitivity. The thermal resistance
can be controlled by varying the depth of the etched trenches, as shown in Fig-
ure 4.5(c) [51]. The trenches are located 5 µm away from the guiding core, which
prevents optical losses and degradation of carrier lifetime.
To analyze the effective resonance shift, we show in Figure 4.6 the measured
power-dependent wavelength shift of three etchless silicon microrings; each de-
vice with a different depth of the etched trenches. Each curve in Figure 4.6 is
obtained by extracting the minimum transmission wavelength (λ0 ≈ 1542 nm)
for different power levels of the scanning CW laser, as in Figure 4.4. In the res-
onator without trenches (Rth = 1300 K/W, blue curve in Figure 4.6) there is a
net blue shift, which becomes larger than one resonance linewidth at a dropped
power around 30 µW. By etching 300 µm deep trenches into the silicon substrate
(Rth = 3800 K/W, see red curve in Figure 4.6), there is a net red shift for dropped
powers larger than 85 µW. This shows that the trenches significantly increase
the thermal resistance of the device and the TO effect becomes the dominant
process. By etching away only the thin silicon slab (Rth = 3000 K/W, see green
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Figure 4.5: (a) Density plot calculating the resonance shift as a function of
thermal resistance and dropped power. (b) Optical microscope
picture of the fabricated etchless silicon microring resonator
with etched trenches. (c) Schematic diagram of the cross sec-
tion to illustrate the depth of the trenches (not drawn to scale).
curve in Figure 4.6), we obtain a power insensitive etchless silicon microring
resonator for dropped power levels up to 335 µW.
4.5 Conclusion
In conclusion, we demonstrate power insensitive silicon microring resonators
by utilizing two counteracting processes, free carrier dispersion blue shift and
thermo-optic red shift [52]. We use the etchless fabrication process for this
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Figure 4.6: Measured resonance shift power dependence (at λ0 ≈ 1542 nm)
of three different etchless silicon microring resonator devices:
one without etched trenches (blue curve), one with just the
silicon slab etched (green curve), and one with 300 µm deep
trenches (red curve). The schematic insets on the right indi-
cates the corresponding device cross-section, the straight lines
connecting the experimental data are guides for the eyes.
demonstration however it is not strictly limited to only this fabricaiton tech-
nique. The usual etched fabrication method can also demonstrate this phe-
nomenon. In our fabricated etchless silicon microring resonators, the resonant
wavelength shifts less than one resonance linewidth for dropped power up to
335 µW, this represents a fivefold improvement in cavity energy handling capa-
bility, as compared to a regular etched microring [44]. This compensation tech-
nique can also be employed in other resonator-based devices with long carrier
lifetime [53].
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CHAPTER 5
ON-CHIP WAVELENGTH-DIVISION MULTIPLEXING
5.1 Introduction
Optical interconnect networks utilizing wavelength-division multiplexing
(WDM) technology present a solution to the electrical interconnect bottle-
neck by offering a larger bandwidth and lower power consumption in high-
performance microelectronic chips [14, 54]. To realize this goal, several high
speed and low power silicon-based devices such as modulators and photode-
tectors have been reported [5, 6, 55–59].
We propose a multiplexing scheme that can demultiplex densely located
WDM channels with low crosstalk in the initial stage and use a less efficient
demultiplexing device at the later stage. (see Figure 5.1). In order to interleave
densely located WDM channels into less densely channels with high efficiency
and low crosstalk, we need to have an interleaver that has a flat passband over
the entire C band. This interleaver acts as the demultiplexing stage (DeMux
Stage) in Figure 5.1 to split the incoming data signals into two paths: odd sig-
nals to the bar port and even signals to the cross port. After the signals are
split into two paths, the signals at each port are more sparsely located and the
switching mechanism has less stringent requirements which can possess slower
roll-off slope without incurring significant crosstalk. We propose to use the sim-
ple first-order add-drop microring resonators to switch the desired wavelength
channel to a port (see the Switching Stage in Figure 5.1). Only the interleaver in
the first demultiplexing step is required to possess rapid roll-off slope to inter-
leave the closely packed channels with minimal channel crosstalk.
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Figure 5.1: WDM demuplexing system proposal using two stages. Inter-
leaver at the DeMux stage to split the densely WDM channels
and add-drop microring filters to switch one channel to a de-
sired port.
5.2 WDM microring-based add-drop Demultiplexers
5.2.1 Microring-based add-drop filter
Several different approaches for enabling wavelength channel multiplexing and
demultiplexing on silicon have been reported. The approaches include array
waveguide grating (AWG) [60], echelle grating [61], MZI-based interleaver [62]
and cascaded add-drop microrings [63, 64]. One important requirement of de-
multiplexers is to have a small footprint to reduce the cost per wafer as well as
reduce the power consumption of the demultiplexers. However the multiplex-
ers based on AWG, echelle grating and MZI have a large footprint, therefore
they are not ideal for on-chip demultiplexers. In contrast microring resonators-
based add-drop filters are compact since silicon waveguides have high index
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contrast, enabling small bending radius with low radiation loss. Moreover, sil-
icon has a large thermo-optic coefficient (1.8 × 10−4/K). This allows the ring
resonance to be tuned thermally in the order of 0.1 nm/K with low power con-
sumption.
We implement WDM demultiplexers based on microring add-drop demulti-
plexers. The microring here is similar to Chapter 3.1; the only difference is that
the microring is now coupled to two bus waveguides (see Figure 5.2).
Ein Ethru
EaEd
eiφ/2
τa
τa
κa 
a
Edrop Eadd
κb 
τb
τb
eiφ/2
EbEc
Figure 5.2: An illustration of an add-drop microring filter. The diagram
shows the coupling, κ, and transmission, τ, coefficients at both
coupling regions as well as the round-trip loss factor, a.
We can formulate the add-drop filter similar to the fundamental equations
in Equation 3.1–3.3. We will assume Eadd = 0.
Ethru = τaEin + iκaEd (5.1)
Ea = τaEd + iκaEin (5.2)
Ed = τbEaaeiϕ (5.3)
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Edrop = iκbEaa1/2eiϕ/2 (5.4)
From Equation 5.1-5.4, we can derive the functions for throughput power
and dropped power.
Pthru
Pin
=
∣∣∣∣∣EthruEin
∣∣∣∣∣2 = κa2κb2a1 + τa2τb2a2 − 2τaτba cosϕ (5.5)
Pdrop
Pin
=
∣∣∣∣∣∣EdropEin
∣∣∣∣∣∣2 = τa2 + τb2a2 − 2τaτba cosϕ1 + τa2τb2a2 − 2τaτba cosϕ (5.6)
Figure 5.3 illustrates a simulated transmission spectrum of a silicon add-
drop microring resonator with a waveguide dimentsion of 450 nm wide x
250 nm tall and a radius of 20 µm. The transmission coefficient is set at 0.9
for both bus-ring coupling regions while the microring loss is set at 3 dB/cm.
Given that the microring loss is low (a ≈ 1), the microring can be critically-
coupled as long as the bus waveguides are strongly coupled to the microring,
τa ≈ τb < a. At this critically-coupled condition, the drop port can be used to
demultiplex different wavelength channel. By changing the microring size, we
can change the FSR such that the next neighboring resonance of one microring
does not overlap with the resonance of another microring.
5.2.2 WDM demultiplexer design
Here we design a 4-channels microring-based add-drop filters with the follow-
ing specifications:
1. 5 nm channel spacing
2. 4 nm tuning range for each channel
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Figure 5.3: A simulated transmission spectrum of a silicon add-drop mi-
croring filter with a waveguide dimension of 450 nm wide x
250 nm tall and a radius of 20 µm.
3. 32 mW total power consumption for tuning
To satisfy the requirement of 4 channels with 5 nm spacing, the free spectral
range (FSR) of each microring has to be greater than 20 nm. The FSR can be
calculated as belows:
FSR =
λ2
ngLring
, (5.7)
where λ is the free space wavelength, ng is the group index of the device, and
Lring is the circumference of the ring.
To operate the filter centered at λ = 1550 nm, since ng = 4.4, according to
Equation 5.7 the circumference of the ring Lring has to be approximately 27.3 µm.
The microring size is extremely small but it can be made possible with low ra-
diation loss due to high index contrast of silicon and silicon dioxide.
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5.2.3 WDM demultiplexer fabrication
Here we demonstrate a 4-channels microring-based add-drop demultiplexer us-
ing the traditional etched silicon strip waveguides fabrication method. We fab-
ricate the filter on a 250 nm silicon-on-insulator wafer with 3 µm of buried oxide
using CMOS fabrication processes (see Figure 5.4(a)). First the 450 nm x 250 nm
channel waveguides are patterned using e-beam lithography (see Figure 5.4(b))
and chlorine-based etching (see Figure 5.4(c)). After stripping the resist, the
etched photonic structures are clad with 1 µm of plasma enhanced chemical
vapor deposition silicon oxide to confine the optical mode (see Figure 5.4(d)).
Finally, 250 nm of nichrome (NiCr) microheaters are evaporated on top of the
cladding (see Figure 5.4(e)) and 400 nm of gold (Au) contact wires passes cur-
rent through the NiCr heaters to heat up the microring below (see Figure 5.4(f)).
The fabricated device is shown in Figure 5.5. The microring is of a racetrack
shape, has a bending radius of 3.5 µm and a coupling length of 2.5 µm with a
coupling gap of 200 nm.
5.2.4 WDM demultiplexer measurements and discussions
We achieve a passband width of 50 GHz in this single ring filter. We couple
a quasi-TE light source into the device through a polarization controller. The
light output at the through port and each of the drop ports are collected at the
detector to measure the transmission spectrum (see Figure 5.6(a)). The channel
spacing is 5 nm and the channel crosstalk is less than -20 dB. With the NiCr
heaters, we can reconfigure the spectrum with a tuning efficiency of 1.2 mW/nm
(see Figure 5.6(b)). However, due to the slow roll-off slope, one can anticipate
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Figure 5.4: Silicon waveguide with integrated NiCr microheater fabrica-
tion process flow. (a) Use 250 nm silicon-on-insulator (SOI) as
the device layer. (b) Patterning of the waveguides using ma-N
2403 resist, leaving a coupling gap between the ring resonator
and bus waveguide. (c) Etching of the silicon layer. (d) Depo-
sition of 1.0 µm PECVD silicon dioxide to confine the optical
mode. (e) Evaporation of 250 nm NiCr on top of the cladding
for the integrated microheater. (f) Evaporation of 400 nm Au
for the contact wires.
that this type of single ring-based filters is subjected to higher channel crosstalk
as the channel spacing becomes closer. This type of demultiplexers is therefore
not suitable for demultiplexing closely packed WDM channels.
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Figure 5.5: (a) Microscopic image of the 4-channels silicon WDM demulti-
plexers. (b) SEM image of each individual microring with inte-
grated microheater on top.
5.3 On-chip Silicon Interleaver
5.3.1 Interleaver design
High bandwidth interleavers are essential for routing a large number of closely
located WDM channels with high data-rate signals from one location to another
location in a network [65]. A waveguide-based interleaver has been demon-
strated using cascaded Mach-Zehnder interferometers (MZI), however this type
of interleaver has a relatively large device footprint [66–68]. The number of cas-
caded MZI stages can be reduced and simplified by coupling ring resonators to
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Figure 5.6: (a) Transmission spectrum of the through and drop ports of the
demultiplexer. (b) Tuning of the drop port by thermal tuning
of the microheater.
the MZI. In references [62, 69–71] silicon-based ring-assisted MZI interleavers
have been designed and demonstrated, however their performance was limited
in channel crosstalk and spectral range of operation due to the sensitivity of the
device to fabrication imperfections.
To demultiplex the more densely packed channels in a WDM system, we de-
sign an interleaver that has the capability of separating and combining a comb
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of WDM signals with low channel crosstalk and low signal distortion. The filter-
ing function of such an interleaver is illustrated in Figure 5.7(a). When a comb of
WDM signals is coupled into the input of the interleaver, the device operates as
a demultiplexer by channeling signals “1” to the bar port and signals “2” to the
cross port. This device also operates as a multiplexer when signals (1’ and 2’)
are coupled into the add port. Signal 1’ is added to the signals at the cross port
while signal 2’ is added to the signals at the bar port. The transmission spectra
of both the bar and cross ports in such an interleaver have a flat passband, a fast
roll-off on the band edges, and a low channel crosstalk (i.e. high extinction ratio
between the passband of one channel and the stopband of an adjacent chan-
nel) [65]. Figure 5.7(b) shows the transmission spectra of this interleaver and
illustrates the terminologies that are used in this paper. The free spectral range
(FSR) in Figure 5.7(b) refers to one period of the transmission spectrum. Within
this FSR, the signals denoted as “1” and “2” in Figure 5.7(a) are channeled to the
bar port and to the cross port respectively. The channel crosstalk is an important
figure of merit of an interleaver as it determines the effectiveness of the filter to
suppress adjacent channels [72]. In this paper, we are optimizing the bandwidth
for which the channel crosstalk is -20dB — the crosstalk of commercial telecom
bandsplitter.
Figure 5.8(a) shows a design of an interleaver based on an asymmetric MZI
and a ring resonator first proposed by Oda et al [73]. The MZI consists of two
3-dB couplers and a path difference between the two arms. The length of the
ring resonator (Lring) is twice the length of the path difference and the FSR of the
interleaver is determined by Lring. The ring resonator is coupled to the shorter
arm of the MZI with a coupling coefficient of κ1. The transfer function of this
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Figure 5.7: Filtering function of an interleaver. (a) Multiplexing and de-
multiplexing of a comb of WDM signals. (b) Transmission
spectra of the interleaver, illustrating the terminologies used
in this paper.
single ring-assisted MZI interleaveris given by [74]:
Hbar(z) =
1
c
2
[(
ρ1 + z−2
1 + ρ1z−2
)
− z−1
]
, (5.8)
Hcross(z) =
− j
2
[(
ρ1 + z−2
1 + ρ1z−2
)
+ z−1
]
, (5.9)
where ρ1 = (1 − κ1)0.5, FSR = 2cngLring , z = γe j2piν, γ = 10α/20, α is the effective loss
of the path difference or half the effective ring loss (in dB), ν = fFSR =
ngLring
2λ is
the frequency normalized to the FSR, c is the speed of light at vacuum, ng is the
group index of the device, and λ is the free space wavelength.
Considering a lossless device (α = 0), we show the performance of such
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a device for a coupling coefficient κ1 of 0.89 (see Figure 5.8(d) – blue dotted
line). This value was obtained from Equation 5.8 and 5.9 by optimizing the
flatness of the passband response [21]. This device has a 20-dB bandwidth of
0.72 FSR. The slope of the band edges has a relatively slow roll-off and therefore
the operating bandwidth of the device is low. It is essential to reduce the 20-dB
bandwidth to as close as 0.5 FSR to fully utilize the entire operating spectrum.
To further reduce the 20-dB bandwidth, we design higher order interleavers that
have more ring resonators coupled to the arms of the MZI. When a second ring
resonator is coupled to the longer arm of the MZI (see Figure 5.8(b)), the device
is shown to have a faster roll-off on the band edges [22]. Figure 5.8(d) (green
dashed line) shows that the 20-dB bandwidth of this double ring-assisted MZI
interleaver is reduced to 0.61 FSR. Another third ring resonator can be coupled
to the shorter arm of the MZI to form the triple ring assisted MZI interleaver (see
Figure 5.8(c)). This design further reduces the 20-dB bandwidth to 0.55 FSR (see
Figure 5.8(d) – red solid line). The transfer function of this triple ring assisted
MZI interleaver is given by:
Hbar(z) =
1
2
[(
ρ1 + z−2
1 + ρ1z−2
) (
ρ3 + z−2
1 + ρ3z−2
)
−
(
ρ2 + z−2
1 + ρ2z−2
)
z−1
]
, (5.10)
Hcross(z) =
− j
2
[(
ρ1 + z−2
1 + ρ1z−2
) (
ρ3 + z−2
1 + ρ3z−2
)
+
(
ρ2 + z−2
1 + ρ2z−2
)
z−1
]
, (5.11)
where ρ1 = (1 − κ1)0.5, i = 1, 2, or 3, FSR = 2cngLring , z = γe j2piν, γ = 10α/20, α is
the effective loss of the path difference or half the effective ring loss (in dB),
ν = fFSR =
ngLring
2λ is the frequency normalized to the FSR, c is the speed of light at
vacuum, ng is the group index of the device, and λ is the free space wavelength.
The addition of even more ring resonators to the MZI arms helps to reduce
the 20-dB bandwidth and therefore increase the operational bandwidth of the
device. However, it also increases the attenuation of the transmitted signals due
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Figure 5.8: Schematic of ring assisted MZI interleavers. (a) Single ring
assisted MZI interleaver. (b) Double ring assisted MZI inter-
leaver. (c) Triple ring assisted MZI interleaver. (d) Calcu-
lated cross port transmission spectra of an optimal single ring
(κ1 = 0.89), optimal double ring (κ1 = 0.97, and κ2 = 0.62), and
optimal triple ring (κ1 = 0.96, κ2 = 0.68, and κ3 = 0.25) assisted
MZI interleaver.
to the ring losses, as depicted by Equation 5.10 and 5.11. Figure 5.9 illustrates
the impact of ring loss on the cross port transmission spectra of an optimal triple
ring-assisted MZI interleaver. In a lossless case (α = 0), the spectral response of
the interleaver has a flat passband and fast roll-off on the band edges (see Fig-
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ure 5.9 – red solid line). The green dashed line and blue dotted line in Figure 5.9
show that as the ring loss increases to 2 dB per ring and 4 dB per ring, the inser-
tion loss of the interleaver increases. The passband also becomes not as flat and
the roll-off on the band edges becomes less steep.
No(ring(loss
Ring(loss(=(2(dB
Ring(loss(=(4(dB
0
-10
-20
-30
-40
-50
-1.0 -0.5 0 0.5 1.0
Frequency/FSR
Tr
an
sm
iss
io
n(
(d
B)
Figure 5.9: Impact of ring loss on the cross port transmission spectra of an
optimal triple ring-assisted MZI interleaver.
The channel crosstalk of the triple ring assisted MZI interleaver is highly
dependent on the combination of the coupling coefficients κ1, κ2, and κ3. As-
suming that the waveguides are lossless in this device, we analyzed the effects
of the coupling coefficients according to Equation 5.10 and 5.11. Figure 5.10(a)
shows the contour plot of the channel crosstalk of the interleaver as a function of
κ1 and κ2, with κ3 optimized to be 0.25 for a passband bandwidth requirement of
0.55 FSR. In order to achieve a channel crosstalk of less than -20 dB in the device,
we need to operate within the blue region in the contour plot. One can observe
from Figure 5.10(a) that the blue region occupies only a small area of the con-
tour plot. This means that the values of κ1 and κ2 have to be controlled precisely.
Figure 5.10(b) and 5.10(c) illustrate the high sensitivity of the device to small
deviation of the coupling coefficient optimized values. Figure 5.10(b) shows
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the transmission spectra of the interleaver at the optimum operation (κ1 = 0.96,
κ2 = 0.68, and κ1 = 0.25, indicated by the white cross in the contour plot). The
channel crosstalk increases from -40dB to -12 dB (see Figure 5.10(c)) when the
value of κ1 changes from 0.96 to 0.8, indicated by the black cross.
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Figure 5.10: Triple ring assisted MZI interleaver. (a) Contour plot of the
channel crosstalk as a function of κ1 and κ2, with the value of κ3
optimized to be 0.25 for a passband bandwidth requirement of
0.55 FSR. (b) Simulated transmission spectra of the interleaver
with κ1 = 0.96 and κ2 = 0.68, indicated by the white cross in
the contour plot. (c) κ1 = 0.8 and κ2 = 0.68, indicated by the
black cross.
In order to compensate for any fabrication imperfection, we design the de-
vice with full reconfiguration capability. To enable external control of each cou-
pling coefficient independently, the waveguide-ring coupler is replaced with a
thermo-optically tunable symmetric MZI coupler and the ring resonator with a
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racetrack resonator (see Figure 5.11(a)) [75–78]. We do this modification to all
the coupling regions, indicated by the blue regions in Figure 5.11(b). The effec-
tive coupling of each MZI coupler can be externally controlled by changing the
phase difference ∆ϕ = ϕ1 − ϕ2 between the two arms of the MZI. The effective
coupling is given by κeff = 4κ(1 − κ)cos2(∆ϕ/2) where κ is the power coupling
coefficient at each directional coupler of the MZI. The phase difference is con-
trolled using the thermo-optic effect of silicon by placing a Nichrome (NiCr)
heater on each arm of the MZI. To enable a full reconfiguration of κeff from 0 to
1, the value of κ is set to be 0.5 (3 dB). A NiCr heater is also placed on each race-
track resonator and the asymmetric MZI path difference to tune the effective
phase of the device. The interleaver spectra can be shifted by one FSR by apply-
ing a pi phase shift to the path difference between the asymmetric MZI arms for
add-drop functionality. The merit of using thermal-optic tuning over carrier-
induced tuning in this device is that it allows tuning over a larger range and the
holding time is unlimited, whereas carrier-induced tuning is limited by thermal
effects in the device. Additionally, in carrier-induced tuning, large amount of
carrier injection into the silicon waveguides will result in a higher insertion loss
of the device due to free carrier absorption [79].
5.3.2 Interleaver fabrication processes
In this work, the device is designed to have a FSR of 250 GHz by setting the
length of the racetrack resonators (Lring) to be 558 µm and the path difference
between the MZI arms to be 279 µm. These values are calculated using the
equation FSR = 2cngLring by considering 450 nm x 250 nm channel waveguides
with a group index of 4.3. We use a coupling gap of 200 nm and coupling length
52
Tunable2
MZI
Coupler
Input
Add2
Port
Bar2
Port
Cross2
Port
Phase2Shifter
NiCr2
Heaters
Input Output
32dB 32dB
ejφ1
ejφ2
κ κ
κeff
(a)
(b)
Figure 5.11: Triple ring assisted MZI interleaver. (a) Contour plot of the
channel crosstalk as a function of κ1 and κ2, with the value of κ3
optimized to be 0.25 for a passband bandwidth requirement of
0.55 FSR. (b) Simulated transmission spectra of the interleaver
with κ1 = 0.96 and κ2 = 0.68, indicated by the white cross in
the contour plot. (c) κ1 = 0.8 and κ2 = 0.68, indicated by the
black cross.
of 10 µm to realize the 3 dB directional couplers. We employ NiCr heaters at the
MZI arms and racetrack resonators above the cladding to change the phase of
each region independently. The NiCr heaters are 2 µm wide and 260 nm thick.
We fabricate the fully reconfigurable interleaver on a 250 nm SOI wafer with
3 µm of buried oxide using standard CMOS fabrication processes [80]. First
the 450 nm x 250 nm channel waveguides are patterned using e-beam lithogra-
phy. The silicon waveguides are then etched using chlorine-based etcher. The
e-beam resist is then stripped, and the etched structures are clad with 1 µm thick
silicon oxide layer using plasma enhanced chemical vapor deposition to confine
the optical mode. This 1 µm thick oxide cladding is sufficient to minimize the
optical loss due to metal absorption [81]. 260 nm of NiCr are then evaporated
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on the MZI arms and racetrack resonators above the cladding to create the 2 µm
wide heaters. Finally, 300 nm of gold (Au) are evaporated to define the electrode
contacts using a lift-off process. The final fabricated device is illustrated in Fig-
ure 5.12(a) and 5.12(b). The footprint of this triple ring-assisted MZI interleaver
is 0.36 mm2 without including the electrode contacts.
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Figure 5.12: Final fabricated device. (a) Optical microscope picture. (b)
Scanning electron microscope (SEM) picture of the racetrack
resonator coupled to the arm of the MZI.
5.3.3 Results and discussions
Here we demonstrate a 120 GHz 3-dB bandwidth on-chip silicon photonic ring-
assisted MZI interleaver that has a flat passband over a broad spectral range of
70 nm. This device is optimized to operate in the entire C-band with a channel
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crosstalk as low as -20 dB. The device also has full reconfiguration capability to
compensate for fabrication imperfections.
In order to characterize the device, we couple a tunable laser light source into
the input port of the device through a polarization controller. The light output
at the bar port and cross port are each collimated through a lens and collected
at a photodetector to measure the transmission of TE polarized light (set by the
polarization controller).
We thermally reconfigure the device to operate in the ideal coupling regime
since the device performance is slightly suboptimal due to minor fabrication im-
perfections. Fine thermal-optic tuning is made to compensate for the fabrication
imperfections. The total power consumption of this thermal reconfiguration is
5 mW. Figure 5.13(a) shows the transmission spectra of the device operating in
the ideal coupling regime after thermal reconfiguration of the device. The total
measured insertion loss from the fiber input to the output collected at the detec-
tor is 8 dB. It can be observed from the zoom-in spectra in Figure 5.13(b) that the
device is optimized to operate in the C-band. The transmission spectra of the
bar and cross ports from 1548 nm to 1558 nm are clean and complementary. The
device has a 3-dB bandwidth of 120 GHz and a flat passband over a 70 nm spec-
tral range (from 1530 nm to 1600 nm). The transmission spectra also show a fast
roll-off on the band edges with a 20-dB bandwidth of 142 GHz (equivalent to
0.57 FSR). The lowest channel crosstalk within this spectral range is measured
to be -20 dB. This measured crosstalk of -20 dB is higher than the previously
calculated crosstalk of -40 dB in Figure 5.10(b) as it is assumed during the cal-
culation that the waveguides are lossless and the power coupling coefficients of
all the couplers are in the optimized values. The crosstalk, as observed in Fig-
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ure 5.13(a), is not -20 dB over the entire 70 nm spectral range. The crosstalk is as
low as -20 dB at 1550 nm but increases to -10 dB at the lower bound of 1530 nm
and -6 dB at the higher bound of 1600 nm. This varying performance of the de-
vice over the 70 nm spectral range is attributed to the wavelength sensitivity of
the coupling coefficients. The performance of the device can be improved sig-
nificantly by implementing a wavelength-insensitive 3 dB MZI coupler [82, 83].
(a) (b)
Figure 5.13: Operation of the fabricated device in the ideal coupling
regime. (a) Transmission spectra of the bar and cross port.
(b) Zoom-in of the section in (a).
We also operate the device in the non-ideal coupling regime before any ther-
mal reconfiguration so as to verify the dependence of the channel crosstalk on
the coupling coefficients (κ1, κ2, and κ3). Figure 5.14(a) shows that the transmis-
sion spectrum of the bar port does not complement the cross port. One can see
from the zoom-in spectra in Figure 5.14(b) that the channel crosstalk of the bar
port is -5 dB and the crosstalk of the cross port is -10 dB.
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(a) (b)
Figure 5.14: Operation of the fabricated device in the non-ideal coupling
regime. (a) Transmission spectra of the bar and cross port. (b)
Zoom-in of the section in (a).
5.3.4 Conclusion
We have demonstrated a 120 GHz 3-dB bandwidth on-chip silicon photonic in-
terleaver based on 3 ring resonators coupled to the arms of an asymmetric MZI.
The fabricated device exhibits a flat passband over a broad spectral range of
70 nm (1530 - 1600 nm). The spectra show a rapid roll-off on the band edges
with a 20-dB bandwidth of 142 GHz (equivalent to 0.57 FSR). The device is opti-
mized for operation in the C-band with a channel crosstalk as low as -20 dB. This
device also has full reconfiguration capability to compensate for fabrication im-
perfections. Integration of this interleaver with high-speed on-chip modulators
and photodetectors in a WDM system is promising.
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CHAPTER 6
SIMULTANEOUS MODE- AND WAVELENGTH-DIVISION
MULTIPLEXING ON-CHIP
6.1 Introduction
Current integrated photonics operate almost exclusively in the single-mode
regime and utilize wavelength-division multiplexing (WDM) [84,85] which sup-
ports a limited scalability in bandwidth density. In contrast fiber communica-
tions is increasingly targeting multimode operation in conjunction with WDM
to further scale the communication bandwidth transmitted per fiber [7]. Mul-
timode communications in fibers have been demonstrated with space-division
multiplexing (SDM) in multi-core fibers [86–90] or mode-division multiplexing
(MDM) in few-mode fibers (FMF) [91–99] and have exploited each spatial mode
as an independent channel.
Prior to this chapter, we have always utilized single-mode waveguides in
quasi-TE polarization for WDM. Here in this chapter, we show a platform en-
abling MDM in conjunction with WDM in integrated photonics for on-chip and
chip-to-chip ultra-high bandwidth applications [100]. This platform could in-
crease the bandwidth density of on-chip interconnects, reduce the number of
waveguide crossings for an on-chip interconnect, and add an additional design
degree of freedom in future photonic networks.
Some of the key challenges of realizing on-chip MDM-enabled intercon-
nects lie in creating mode (de)multiplexers with low modal crosstalk and
loss which also support WDM (a key feature of many integrated-optics in-
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terconnect designs). Previous implementations of on-chip mode multiplexing
based on Mach-Zehnder interferometers [101, 102], Multi-Mode Interference
(MMI) couplers [103–105], asymmetric directional couplers [106–108], and y-
junctions [109–111] typically had large footprints, complex and strict design lim-
itations, or only supported a limited number of optical modes. A compact and
reconfigurable mode (de)multiplexer which can be straight-forwardly scaled to
support numerous modes is essential for realizing MDM-WDM in integrated
photonics.
6.2 Selective mode coupling by phase matching
We demonstrate on-chip MDM-WDM by engineering the propagation constants
of high-confinement photonic structures in order to enable selective coupling to
different spatial modes at different wavelengths. The silicon photonic platform
is attractive for implementing this approach as the propagation constants of the
different spatial modes can be engineered to differ significantly thanks to the
high core-cladding (Si/SiO2) index contrast. We choose a waveguide height for
which the confinement is high and therefore widely different propagation con-
stants can be achieved by varying the waveguide width. Figure 6.1(a) shows
that for a given 250-nm tall silicon waveguide a large range of effective indices
from 2.0 to 2.9 can be achieved corresponding to the propagation constants of
the TE0 through TE4 spatial modes at λ = 1550 nm. Based on propagation con-
stant matching, an optical mode in a single-mode waveguide can be evanes-
cently coupled to a single spatial mode in an adjacent multimode waveguide,
where the coupling strength to the mode will depend on the width of the mul-
timode waveguide.
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In order to realize a compact MDM device, we employ single-mode micror-
ing resonators to selectively couple to the different spatial modes in a multi-
mode waveguide. In order to realize WDM capabilities, we design the free-
spectral range (FSR) of the microrings to match the wavelength channel spacing.
The device, which is designed to operate in TE mode, comprises of three iden-
tical microrings coupled to a multimode waveguide (see Figure 6.1(b)). Each
microring, made up of a 450-nm wide waveguide, is designed to support only
the fundamental TE mode with an effective index of 2.46. The multimode bus
waveguide comprises of several sections with tapering widths ranging from
450 nm to 1.41 µm. When the bus waveguide width corresponds to 450 nm,
930 nm, or 1.41 µm, the effective indices of TE0, TE1, or TE2 modes respectively
match the effective index of the TE0 mode of the microrings (neff = 2.46) and
therefore couple efficiently to the resonators. The three insets in Figure 6.1(b)
show such coupling of the TE0 mode of the microring to the TE0, TE1, or TE2
modes in the bus waveguide. Since the propagation loss in silicon ring is low,
a low coupling strength (achievable with a short coupling length) at the two
ring-waveguide coupling regions is sufficient to transfer all the power from the
single-mode input waveguide to the multimode bus waveguide [39]. We design
the ring resonance linewidth to be at least 15-GHz in order to enable 10-Gb/s
data transmission with negligible signal degradation. We also include an inte-
grated heater on top of each microring to tune the ring resonances to align to
the WDM channels and thereby optimize the performance of the device [81].
This design can be easily modified to handle additional phase-matched modes
by widening the multimode waveguide (Figure 6.1(a)).
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Figure 6.1: Phase matching condition for 250 nm tall silicon waveguides.
(a) Simulated effective index of the optical modes in waveguide
of different widths at λ = 1550 nm. (b) Selective coupling of
the single-mode microrings to a specific spatial mode in the
multimode bus waveguide with each section of the multimode
waveguide linked by adiabatic tapered waveguides. The insets
show the selective coupling of each multiplexer (TE0, TE1, and
TE2).
6.3 Device design and fabrication
We fabricate the reconfigurable MDM-WDM silicon microring resonators on a
250 nm SOI wafer with 3 µm of buried oxide using standard CMOS fabrication
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processes. We patterned the waveguides using e-beam lithography with the
dimensions as followed: the input/output ports and the microring are 450 nm
wide; the TE0, TE1, and TE2 (de)multiplexers have a width of 450 nm, 930 nm,
and 1.41 µm wide; and each (de)multiplexer is linked by an adiabatic taper of
80 µm long. All the microrings have a radius of 10 µm and a coupling length of
5 µm. The separation gap between the microrings and all the input waveguides
is 240 nm while the separation gap between the microrings and TE0, TE1, and
TE2 (de)multiplexers are 240 nm, 200 nm and 200 nm respectively. The silicon
waveguides are then etched, followed by the e-beam resist being stripped and
the etched structures are clad with 1 µm thick silicon oxide layer using plasma
enhanced chemical vapor deposition to confine the optical mode. 300 nm of
NiCr are next evaporated on the microrings resonators above the cladding to
create the 1 µm wide heaters. Finally, 500 nm of gold (Au) are evaporated to
define the electrical wires and contact pads using a lift-off process. The final
fabricated device is illustrated in Figure 6.2. The footprint of this device is 0.11
mm2 excluding the electrical wires.
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Figure 6.2: Microscope image of the fabricated device. Inset: SEM show-
ing the heater to tune each individual ring resonator.
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6.4 Optical modes imaging
We image the optical modes at the output of the multimode waveguide to verify
the excitation of the different spatial modes. We fabricate a test device that only
has the mode multiplexer section (TE0, TE1, and TE2) and is terminated with
the 1.41-µm wide multimode bus waveguide. We couple a 1547 nm laser (on-
resonance of each microring) into one of the input ports at one time. The output
spatial modes of the multimode waveguide are then magnified with a 40× as-
pheric lens and imaged on an IR camera as shown in Figure 6.2. We observe
well-defined TE0, TE1, and TE2 modes as predicted by simulation (Figure 6.3).
Simulation Experiment
TE0 mode
TE1 mode 
TE2 mode 
TE1 mode 
TE2 mode 
TE0 mode
Figure 6.3: Simulated and experimental images of the optical modes at the
cross-section of the multimode waveguide.
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6.5 Optical crosstalk
6.5.1 Crosstalk measurements
We show that the fabricated mode multiplexers introduce crosstalk as low as
-30 dB between the modes. From the spectral transmission scans for each com-
bination of input and output ports, we can quantify the amount of crosstalk
resulting from the spatial mode multiplexing and demultiplexing. Figure 6.4(a)
shows the transmission spectrum at output port 1 (see port definitions in Fig-
ure 6.2) from each input. The insertion loss of this port is 13 dB and the optical
crosstalk (defined as the ratio of desired signal power to the sum of the inter-
fering channels’ power) is as low as -30 dB. The insertion loss of port 2 is 16 dB
and the optical crosstalk is -18 dB (Figure 6.4(b)). The insertion loss of port 3
is 26 dB and crosstalk is -13 dB (Figure 6.4(c)). The main contribution to the
insertion loss is the aggregate 10-dB fiber-to-chip coupling loss. The rest of the
insertion loss is attributed to the waveguide propagation loss and ring intrinsic
loss. By ensuring critical coupling between the waveguides and rings, achiev-
able on-chip losses of this device are expected to total around 1.5 dB. The higher
insertion loss in port 3 compared to the other 2 ports is due to a suboptimal ring
coupling gap.
6.5.2 Minimizing the crosstalk
The crosstalk from the unwanted input signals can be minimized by optimizing
the coupling length between the ring and the multimode waveguide to reduce
coupling of undesired modes. Coupled-mode theory for two weakly coupled
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Figure 6.4: Optical transmission and crosstalk at the three output ports for
signal injection on each of the three input ports. (a) Output port
1. (b) Output port 2. (c) Output port 3.
optical modes relates the complex amplitudes of the modes, a1 and a2 through
a set of differential equations [112]:
da1
dz
= − jβ1a1 + κ12a2, (6.1)
da2
dz
= − jβ2a2 + κ21a1, (6.2)
The solutions to this equation set, assuming the waves a1(0) and a2(0) are
launched at z = 0, are given by:
a1(z) =
[
a1(0)
(
cos β0z + j
β2 − β1
2β0
sin β0z
)
+
κ12
β0
a2(0) sin β0z
]
e− j[(β1+β2)/2]z, (6.3)
a2(z) =
[
κ21
β0
a1(0) sin β0z + a2(0)
(
cos β0z + j
β1 − β2
2β0
sin β0z
)]
e− j[(β1+β2)/2]z, (6.4)
where
β0 =
√(
β1 − β2
2
)2
+ κ12κ21. (6.5)
If the initial waves a1(0) = 1 and a2(0) = 0 are assumed, then the coupling from a1
to a2 is given by
∣∣∣∣ κ21β0 sin β0z∣∣∣∣. Below we take a look at the example of the 1.41-µm
wide multimode waveguide and investigate the coupling strength between the
phase-matched TE2 spatial mode and the TE0 mode of 450-nm wide waveguide
at λ = 1.55 µm (see Figure 6.5(a)). The coupling gap between the two different
waveguides is fixed at 200 nm. To achieve 100% power transfer from the 450-nm
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waveguide (TE0) to the 1.41- µm waveguide (TE2) using a directional coupler
and vice versa, the coupling length (Lcoupling) is required to be 42 µm (see Fig-
ure 6.5(c)). To realize a compact device, we use microring resonators instead of
a directional coupler. Weak coupling (achievable with a short coupling length)
is sufficient to transfer nearly all the power from the input waveguide of the
microring to the multimode waveguide (typically termed critical coupling) [39]
(see Figure 6.5(b)). We also calculate the coupling strength of the unwanted
modes (TE1, TE0) which determines the crosstalk of the device. We observe that
there is coupling to the undesired modes (TE1, TE0), however the coupling is
weak due to the phase mismatch between these modes. The maximum cou-
pling strength of TE1 mode is 0.057. The optimum operating regime for low
crosstalk is at Lcoupling ≈ 6 µm where the coupling to the undesired modes (TE1,
TE0) is minimized.
We expect the crosstalk at output port 3 of the current device to be less than
-16 dB for an optimized coupling length of 6 µm (larger than the fabricated one
with only 5 µm) (see Figure 6.6(a)). The crosstalk can be further reduced by
introducing weaker coupling at the microring-multimode waveguide coupling
region (by having a larger coupling gap) to lower the maximum coupling of the
undesired modes at the expense of longer coupling length to maintain the crit-
ical coupling condition. Figure 6.6(b) shows the coupling strength of the same
microring-waveguide except that the coupling gap is changed to 280 nm. This
weaker coupling at the coupling region lowers the maximum coupling strength
of the TE2 mode from the initial value of 0.057 to 0.037. This in turn results in a
longer coupling length to maintain the critical coupling condition.
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Figure 6.5: Coupling strength of different spatial modes (TE2, TE1, TE0)
of a 1.41-µm wide waveguide to the TE0 mode of a 450-nm
wide silicon waveguide with a coupling gap of 200 nm. (a)
Schematic of the coupling between a 1.41-µm wide waveguide
and a 450-nm wide silicon waveguide. (b) Schematic of an
add-drop microring with asymmetric input and drop waveg-
uides. (c) The maximum coupling strength of TE1 mode is
0.057. The optimum operating regime for low-crosstalk regime
is at Lcoupling ≈ 6 µm.
6.6 Mode- and wavelength-division multiplexing link
6.6.1 3-Mode × 10-Gb/s multiplexing link
We simultaneously launch a single 10-Gb/s data channel into all the 3 input
ports of the mode multiplexer and measure a small power penalty (less than
1.9 dB for BER of 10−9) on each output port of the mode demultiplexer.
The experimental setup for performance evaluation is illustrated in Fig-
ure 6.7(a). In order to measure these power penalties the laser channel at 1563
nm is modulated with PRBS 231 − 1 on-off-keyed (OOK) data by an amplitude
modulator and then further phase-imprinted with a swept-frequency sinusoid
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Figure 6.6: (a) Simulated transmission and crosstalk levels at output port 3
with optimized coupling length of 6 µm. Similar transmission
curves for outputs 1 and 2 are expected for optimized coupling
lengths of 4 µm and 4.5 µm, with simulated crosstalks <-30 dB
and <-25 dB respectively. (b) Coupling strength of different
spatial modes (TE2, TE1, TE0) of a 1.41-µm wide waveguide
to the TE0 mode of a 450-nm wide silicon waveguide with a
coupling gap of 280 nm. The maximum coupling strength of
TE1 mode is 0.037. The optimum operating regime for low-
crosstalk regime is at Lcoupling ≈ 11 µm.
in order to enable bit-error-rate (BER) measurements on channels which expe-
rience coherent crosstalk. Intra-channel crosstalk [113] results in coherent inter-
ference of the laser with itself. In a test setup not employing any phase decoher-
ence mechanisms, this results in a slow change of the output signal power as the
phases leading to the device under test change as a result of thermal fluctuations
in the fibers. If this remains untreated, these power fluctuations (on the tempo-
ral order of multiple seconds) prevent accurate BER measurements over short
time spans. In order to enable finite-time BER measurements, two mechanisms
are employed simultaneously to average out the slow phase fluctuations: 1. The
arms leading to the multiplexer input ports are decorrelated by at least 0.5 km
SSMF. This is close to the 1-km coherence length of the 200-kHz linewidth lasers
we used in the experiments therefore ensuring some phase decoherence of the
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signals. 2. In order to guarantee full phase orthogonality regardless of the in-
trinsic laser linewidth, we incorporate phase modulation of a repeating linearly
chirped signal consisting of a frequency sweep from 20-MHz to 10-MHz over a
5-ms period. With a 0.5-km path difference (roughly 2.5 µs relative delay), the
phase difference between adjacent ports oscillates over 2pi at 5-kHz, guarantee-
ing averaging of the phase difference in power measurements averaged over
100 ms.
The data signal is then amplified, split evenly between the 3 input ports of
the on-chip mode multiplexer, and simultaneously injected in quasi-TE polar-
ization to the multiplexer ports. The varying fiber spans leading to the device
ensure that the data is decorrelated between the ports. The data channels cou-
pled to the device’s ports are decorrelated by 0.5-km and 1-km long fiber delays
which ensure the patterns are relatively shifted between ports by at least 24 kb
out of the pattern length of 2 Gb (231 − 1 PRBS). We employ a method similar
to one previously reported [114]; we couple to three input ports simultaneously
using a Pitch Reducing Optical Fiber Array (PROFA) mounted on a fully angle
adjustable stage. The PROFA alignment was optimized to be within 2-dB of the
optimal coupling values for all the ports simultaneously. Output coupling is
done with a tapered lensed fiber aligned to one output port at a time.
The demultiplexed signals are recovered one at a time for inspection on a
DCA and BER evaluation. Error free transmission (BER < 10−12) and open eye
diagrams (Figure 6.7(a),(b)) are observed for all output ports. To account for
fabrication imperfections, we improve the performance of port 3 at the expense
of increased crosstalk and spectral filtering penalties on port 2 by wavelength
detuning the TE1 multiplexer ring. This enables device operation with an over-
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all balanced power penalty (measured at a BER of 10−9) of 1.9 dB on ports 2 and
3 and 0.5 dB on port 1. In order to verify that intra-channel crosstalk is indeed
the main mechanism of signal degradation [113], we also inspect the channel
performance with only one input port injected at a time. We observe that trans-
mission penalties result in 0.1 dB penalties on ports 1 and 2 and 0.8 dB on port
3 (with the higher penalty on port 3 resulting from the higher insertion loss
through this port which leads to a larger OSNR degradation at the post-chip
EDFA). Therefore we conclude that crosstalk is the main contributing factor to
signal degradation in this device. Intra-channel crosstalk penalties result in a
power penalty predicted analytically as PP = −10log10(1 − 2
√
ε) where ε is the
ratio of the desired-signal’s power to interfering signals’ powers. The penalties
are measured relative to a back-to-back (B2B) reference case which is defined
and measured by replacing the chip with a tunable attenuator set to replicate
the fiber-to-fiber loss of the lowest insertion-loss port.
6.6.2 2-Mode × 3-Wavelength × 10-Gb/s MDM-WDM link
We measure a low (< 1.4 dB) power penalty for joint MDM-WDM operation
by launching three different 10-Gb/s wavelength channels spanning the full C-
band into two input ports of the multiplexer (ports 1 and 2). A modified setup
(depicted in Figure 6.8(a)) is used to correctly decorrelate the wavelength chan-
nels. The wavelength channels are first decorrelated using the dispersion of
a 0.5-km fiber to achieve at least 90-bit relative delay between adjacent wave-
length channels. The inputs to the two ports used in this experiment are also
decorrelated by a fixed 1-km fiber delay which guarantees decorrelation be-
tween the ports used. More polarizers are included in the experiment to ensure
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Generator (PPG), Tunable Laser (TL), Amplitude Modulator
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single port transmission, and MDM operation for all 3 ports. (c)
Corresponding eye-diagrams for the inspected signals.
that all the wavelength channels are launched on chip at the quasi-TE polariza-
tion with equal power. We set the wavelength channels to span the full C-band
(limited by the EDFA gain band) and the microrings are tuned on-resonance to
maximize power transmission at 1547 nm. The power penalties for both ports
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vary between 0.6 and 1.4 dB for all three wavelength channels (Figure 6.8(b))
with performance variation attributed to slightly varying levels of crosstalk for
the different wavelength channels. Error free transmission (BER < 10−12) and
open eye diagrams (Figure 6.8(c)) are observed for all the three channels at the
two output ports. These results show that only a minimal penalty is added by
extending the device operation to support WDM concurrently with the MDM.
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6.7 Conclusion
In conclusion, we have shown a platform that enables on-chip MDM-WDM op-
tical interconnection for ultra-high bandwidth communications. Our simulation
in Figure 6.1(a) showed that when the multimode bus waveguide width tapers
up to 2.37 µm, 5 spatial modes can be supported by this platform. In principle
using a wider waveguide one could support an even larger number of modes.
Each microring resonator in practice is able to support 87 WDM channels over
the entire C-band (1530 – 1565 nm) by increasing the microring size such that the
channel spacing is 50 GHz. Therefore, the on-chip MDM-WDM platform with
the above-mentioned dimensions can potentially support an aggregate data rate
up to 4.35 Tb/s with 5 spatial modes and 87 WDM channels.
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CHAPTER 7
SUMMARY AND FUTURE WORK
Due to the fact that the demand for faster data rate traffic increases exponen-
tially with the prediction of Moore’s Law, it is critical that we can solve this
bandwidth bottleneck with a new technology. We had discussed about the
emergence of silicon photonics for on-chip optical interconnects for high band-
width chip-to-chip and intra-chip applications. Specifically, the use of multi-
plexing (such as wavelength-division multiplexing and mode-division multi-
plexing) allows a high aggregate data rate.
It is important for on-chip silicon waveguides to be low-loss in order to allow
low device insertion loss and omit the need for high input optical power. We
introduced an etchless silicon waveguide fabrication method which makes use
of selective silicon oxidation to define the waveguides that are not exposed to
any plasma etching. This method reduces the waveguide loss from 3 dB/cm to
0.3 dB/cm.
We fabricated high-Q microring resonators using this etchless silicon
method. We obtained an intrinsic quality factor of 510,000 with an ultra-low
coupling loss of approximately 1.5 dB per facet. We observed an atypical res-
onance blue shift with optical power in this kind of etchless silicon microrings
whereas typically resonance red shift is observied in etched silicon microrings.
This is due to the fact that the etchless silicon microring has very smooth side-
wall and less recombination sites at the interface. As a result, the free carrier
lifetime is one order of magnitude higher than the etched silicon waveguides,
therefore free carrier dispersion dominates over the thermo-optic effect caused
by the two-photon absorption and free carrier absorption. We makes use of
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the interplay between the free carrier dispersion and the thermo-optic effect to
induce either resonance red shift, blue shift or resonance-insensitive to optical
power.
We proposed a scheme of wavelength-divison multiplexing using an effi-
cient interleaver to demultiplex the closely located WDM channels and a sim-
ple add-drop microring filter to demultiplex the more sparsely located WDM
channels. The interleaver has a rapid roll-off slope with a 20-dB bandwidth
of 142 GHz and a channel crosstalk as low as -20 dB. Additionally, it can op-
erate over a broad spectral range of 70 nm. We also demonstrated a 4-channels
microring-based demultiplexer with a passband width of 50 GHz, channel spac-
ing of 5 nm and a crosstalk of less than -20 dB. With the combination of the
interleaver and microring demultiplexers, we can (de)multiplex the channels
over the entire C-band with potential terabits per second aggregate data rate
with low crosstalk.
The highlight of this dissertation is that we demonstrated simultaneous
mode- and wavelength-division multiplexing in integrated photonics. To the
best of our knowledge, this work is the first demonstration of its kind at the
moment. We utilized single-mode microrings to selectively couple to specific
modes on a bus waveguide achieved by phase matching. Each microring has
an integrated microheater to tune the ring resonance for optimization purpose.
We verified from the optical mode imaging with IR camera that this type of
microring-based mode multiplexers indeed excites higher order modes. We
observe open-eye diagrams and error-free transmission (BER < 10−12) in a 2-
mode × 3-wavelength channels × 10 GB/s link. This type of on-chip mode- and
wavelength-divison multiplexing can potentially support an aggregate data rate
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of tens of terabits per second for ultra-high bandwidth chip-to-chip and intra-
chip applications.
A work that we can pursue in the future is that we can integrate the mode
multiplexing components and wavelength multiplexing components on the
same chip without needing to use external components. For instance, in Fig-
ure 7.1, we can integrate on-chip microring modulators together with mode
multiplexers at the transmitting end. This way, we do not have to use external
lithium niobate modulators. On the receiver end, we can also integrate on-chip
germanium photodetectors instead of external photodetectors to convert each
received optical data (on a particular mode-wavelength channel) to electrical
signals. The integrated MDM-WDM will increase the aggregate bandwidth by
order of magnitude for ultra-high bandwidth applications.
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Figure 7.1: To integrate WDM microring modulators and MDM multiplex-
ers on the same chip.
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